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Abstract
Within the framework of xenon-based double beta decay experiments, we propose the possibility to improve the background
rejection of an electroluminescent Time Projection Chamber (EL TPC) by reducing the diffusion of the drifting electrons while
keeping nearly intact the energy resolution of a pure xenon EL TPC. Based on state-of-the-art microscopic simulations, a substantial
addition of helium, around 10 or 15 %, may reduce drastically the transverse diffusion down to 2.5 mm/
√
m from the 10.5 mm/
√
m
of pure xenon. The longitudinal diffusion remains around 4 mm/
√
m. Light production studies have been performed as well. They
show that the relative variation in energy resolution introduced by such a change does not exceed a few percent, which leaves the
energy resolution practically unchanged. The technical caveats of using photomultipliers close to an helium atmosphere are also
discussed in detail.
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1. Introduction
Double beta decay is a process that has been observed for
very few nuclei in its two-neutrino mode. The unambigous ob-
servation of a neutrinoless double beta decay (0νββ) would def-
initely establish neutrinos as Majorana particles, which would
ultimately demonstrate the existence of lepton number violat-
ing processes [1]. Luckily, one of these nuclei of interest is an
isotope of Xenon, 136Xe. Being a noble gas, Xenon can be used
in Time Projection Chambers (TPCs) where the target mass is
actually the detection volume. The scalability offered by xenon
as a detector medium is a key factor in order to probe the entire
inverted hierarchy, which would require reaching a maximum
sensitivity to the effective Majorana mass of the electron neu-
trino, mββ, of about 15 meV. In order to reach this sensitivity, ton
scale detectors with less than 1 count/year in the region of inter-
est are a must. The grail of all rare event experiments, which is
exacerbated in neutrinoless double beta experiments, is to reach
the background free regime.
In this context, one of the specific technologies under de-
velopement is the electroluminescent (EL) high pressure xenon
Time Projection Chamber [2], currently led by the NEXT col-
laboration [3] that is using a plane of 1 mm2 SiPMs at 10 mm
pitch and 8 mm from the center of the EL region to perform
the tracking of the events. Several advantages of this design in-
clude good energy resolution, in the sub-percent range at Qββ
(2459 keV), and the ability to perform topological reconstruc-
tion of events at this energy.
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An ∼MeV electron moving through the gas loses its energy
at a relatively constant rate until the end of its path where the
energy deposition rate increases. As a result, a fully contained
ionization trail left by such an electron showcases a ‘blob-like’
end-point. The topology expected from a double beta event
consists then of two electron tracks fully contained in the fidu-
cial volume with a common origin and two ‘blobs’ at their ends.
The main background source around Qββ stems from the γ-rays
emitted from 208Tl and 214Bi events for which one of the end-
points of the resulting track is misidentified as a blob. In addi-
tion, any characteristic X-rays emitted during the interaction of
these gammas must convert relatively close to the main ioniza-
tion track to avoid being clearly separated from it. While the
ionization trail is drifted toward the EL region, the diffusion of
the ionization electrons degrades the imaging performance of
the TPC. Limiting its impact down to the level of the technical
limitation set by the pixel pitch and EL gap thickness will al-
low for improved background rejection and therefore a reduced
background rate.
Hence, the topological resolution is limited by instrumental
factors, tracking plane segmentation and the width of the EL
region, and physical limitations due to the diffusion of the drift-
ing electron cloud. Diffusion is particularly large in pure xenon
(see [4] for further discussion specific to NEXT detectors). Af-
ter one meter of drift, a point-like ionization deposit becomes
a cloud distributed as a gaussian of 10 mm sigma in the direc-
tion perpendicular to the electric field (transverse) and 4 mm in
the parallel direction (longitudinal). This situation is far from
ideal and can be largely improved by adding molecular electron
coolants to the gas [5, 6] or by positive-ion detection [7]. As a
reference, the thermal diffusion limit which can be found in [8]
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gives a diffusion factor of ∼1.5 mm/√m for a field of 250 V/cm,
which is very close to the ∼2.5 mm/√m value obtained for in-
stance in Xe/CO2 mixtures [6].
Looking forward, this paper explores the possibility of using
a substantial addition of helium to reduce the transverse diffu-
sion while keeping the energy resolution intact. Helium is a
particularly interesting alternative to the use of molecular ad-
ditives, being easier to handle and expectedly free from light
quenching effects. Its working principle and main enabling as-
sets are sketched in this communication.
2. Electron cooling and diffusion
The high diffusion of electrons drifting in heavy noble gases
is a well known issue. For VUV-quenched gas mixtures, as
those commonly used in the operation of gaseous detectors, the
presence of molecular additives (CH4, CO2, C4H10, ...) can be
used advantageously in order to adjust diffusion. The low en-
ergy rotational and vibrational states of these molecules allow
the electrons to cool down very effectively leading to very low
diffusions. This solution, applied to an EL Xenon TPC, is de-
tailed in [9]. In this section we discuss the diffusion in pure
noble gases and explain the mechanisms by which adding he-
lium significantly reduces diffusion in xenon. We also present
results of simulations demonstrating that helium-doped xenon
is a serious candidate in the prospect of lowering the gas dif-
fusion, maintaining the energy resolution of pure xenon at the
same time.
2.1. Transverse diffusion
While drifting in a noble gas TPC, secondary electrons reach
statistical equilibrium by balancing the energy gained through
the action of the electric field with that lost in collisions with the
environmental noble gas atoms. The fact that electron energies
(under the typical drift fields in TPCs) are far from the exci-
tation level of the noble gas atoms implies that electron-atom
collisions are elastic, allowing a fairly accurate estimate of the
momentum transfer by using a classical kinematic calculation
of two body collisions. The momentum transfer efficiency de-
pends, then, on the mass ratio of the two bodies. Assuming
isotropic scattering, one can approximate the fractional energy
loss averaged over all scattering angles by the formula:
δε
ε
∼ 2mM
(m + M)2
(1)
where m is the electron mass and M is the atomic mass of the
noble gas. Table A lists this value for all noble gases generated
using eq. 1. It must be said that elastic scatterings are not nec-
essarily isotropic, but this assumption is reasonable for helium
in the whole context of this paper [10]. As for xenon, this is a
valid assumption for electron energies up to about 2.75 eV [11].
As can be seen on the bottom panel of Fig. 1, this condition is
well fulfilled.
By contrast to this large increase of the momentum trans-
fer for light gas, one could expect that the total energy loss of
the electrons will remain approximately constant as the cross
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Figure 1: The top figure shows electron-xenon and electron-helium cross sec-
tion vs. the electron energy as extracted from [12]. The Ramsauer minimum
can be observed in the xenon cross section (solid black) while the helium cross
section (dashed red) remains stable below 10 eV. The bottom figure shows three
energy distributions at 400 V/cm and 15 bar as computed by Magboltz: one in
pure xenon (black) and the two others (green and red) in HeXe mixtures.
section at very low energies becomes much larger for xenon
than for lighter atoms, by virtue of its larger size (‘solid sphere’
model). However, the existence of the Ramsauer minimum [13]
in the xenon cross section that can be seen in Fig. 1 counteracts
the increase in atom size, making the overall electron cooling
of helium much more effective.
He 2.74 · 10−4
Ne 5.44 · 10−5
Ar 2.75 · 10−5
Kr 1.31 · 10−5
Xe 8.07 · 10−6
Table A: Mean fractional energy loss of electrons in collisions against noble
gas atoms.
Neon and helium are the two natural options with respect to
table A. While neon is easier to manipulate, helium is much
more promising in terms of performance, as can be expected
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Figure 2: Transverse diffusion coefficient vs. the helium concentration in a
HeXe mixture at 15 bar absolute pressure. Solid curves fitting the points are
drawn to guide the eye of the reader.
from its higher cross section at eV energies.
We provide the results of simulations performed with the
software Magboltz [14] shown in Fig. 2. The most relevant
parameter to look at is the transverse diffusion, which is the
dominating factor in the overall 3D diffusion. Additionally, as
we will show, the transverse diffusion component is the one that
can be drastically reduced in the presence of additives.
These simulations were done assuming the standard working
conditions in gaseous xenon-based ββ0ν experiments, namely
an operating pressure of 15 bar and an electric field ranging
from 300 V/cm to 500 V/cm in the drift region. Unlike the
longitudinal diffusion, the transverse diffusion is weakly af-
fected by the electric field. The transverse diffusion coefficient
is shown on Fig. 2 as a function of the helium concentration.
A transverse diffusion of 3.5 mm/
√
m is achievable with an
admixture of 10% of helium while 15% of helium lowers it to
the level of 2.5 mm/
√
m which is not far from the limit case of
pure helium diffusion in these conditions : 1.8 mm/
√
m. These
values, which are less than twice higher than the thermal limit,
remain a considerable improvement with respect to pure xenon.
These diffusion coefficients need to be considered in light of
all instrumental effects in EL TPCs such as NEXT. Both the
root-mean-square (RMS) spreads in the charge signals detected
by the tracking plane photo-detectors, and the mean bias in po-
sition reconstruction, are relevant. The spatial distribution in
the plane transverse to the drift direction, and for a point-like
energy deposition in the gas, is affected by three factors:
• the transverse diffusion of the charge along drift, introduc-
ing the RMS transverse spreads quoted above;
• the point spread function projected on the tracking plane
due to isotropic light emission from a line segment at a
fixed x − y position within the EL region. A full Geant4
simulation, including reflected light, has been performed
for the currently operating NEXT-White detector. In this
case, for a 6 mm wide EL region and a 8 mm distance
between the center of the EL region and the tracking plane,
a 3.8 mm RMS transverse spread is obtained;
• the sampling of the point-spread function at the tracking
photo-detectors’ positions. For a lattice of SiPMs at a
10 mm pitch in the x − y plane, and conservatively as-
suming no light sharing between neighboring SiPMs, a
2.8 mm mean bias in transverse position reconstruction is
obtained. This value should be taken as an upper limit on
the position resolution induced by the SiPM pitch. The
position bias is reduced by the effect of light sharing, and
more elaborate algorithms can provide a much better trans-
verse position estimate [15].
As is apparent from the above numbers, and for a drift distance
of one meter, a 10–15% admixture of helium successfully re-
duces transverse diffusion effects to the same level of the RMS
transverse spread introduced by the detector optics, and to the
same level of the mean bias introduced by the SiPM pitch.
2.2. Longitudinal diffusion
The diffusion along the drift direction does not follow the
same pattern as the transverse one. Good descriptions of the
longitudinal diffusion in the absence of inelastic collisions can
be found in Parker and Lowke (1969) [16] and Skullerud (1969)
[17]. To summarize, the longitudinal diffusion is the summation
of the purely thermal diffusion and an effect arising from the
enhanced velocity along the drift field (‘drift velocity’). If the
electron-atom collision frequency increases with energy then,
while drifting, the electron swarm tends to spread along the
drift direction due to thermal diffusion. Electrons in advance
of the charge centroid will have an above average speed, which
will rise their collision frequency hence reducing their instan-
taneous velocity due to momentum transfer. Similarly, delayed
electrons will experience fewer collisions leading to a greater
instantaneous velocity along the drift. These concurrent effects
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Figure 3: Longitudinal diffusion vs. the applied electric field for different mix-
tures. Solid curves fitting the points are drawn to guide the eye of the reader.
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will narrow the electron cloud and effectively reduce the longi-
tudinal diffusion. In the case where the electron-atom collision
frequency decreases with energy the effect described above is
reversed.
When looking at the longitudinal diffusion of xenon-based
mixtures one needs to remember that the elastic cross-section
of xenon presents a minimum at 0.6 eV due to the Ramsauer
effect (Fig. 1). In the drift region the energy distribution is
located around that minimum which causes small changes to
affect greatly the longitudinal diffusion due to the effect de-
scribed previously. This explains the observed ‘peak’ shown
in [18] when looking at the longitudinal diffusion against the
reduced electric field or equivalently against the molecular ad-
mixture concentration as in [9]. In the latter case these ‘Ram-
sauer induced peaks’ appear at very low concentration, typi-
cally on the sub-percent scale, of the admixture due to their
very strong cooling power.
In the case of helium-enriched admixtures this effect appears
to be much broader than an actual peak as the Ramsauer min-
imum of xenon is not dominant (Fig. 1). When looking at the
longitudinal diffusion against the electric field for different ad-
mixture levels of helium in Fig. 3, we can identify a ramping up
region followed by a ramping down one. For any given mixture,
lowering the longitudinal diffusion requires the electric field to
be high enough, around 500 V/cm. This is specifically true
for the 15:85 HeXe mixture whose ‘Ramsauer induced peak’
reaches a maximum at 400 V/cm. It is to be noted that, at a
glance, operating the 15:85 HeXe mixture at a field between
150 and 250 V/cm looks promising, but drawbacks in terms of
charge recombination and finite electron lifetime are expected
at these low fields. Whether or not it is interesting can only be
decided by experimentation. But since earlier results from [19]
are not encouraging in this respect, we concentrate here in the
high field region. In this region, we can expect a longitudinal
diffusion of the order of 4 mm/
√
m for a 10 and 15 % concen-
tration of helium.
As in the transverse case, the longitudinal diffusion coeffi-
cient needs to be considered in light of other instrumental ef-
fects. The spatial distribution along the drift direction, and for
a point-like energy deposition in the gas, is affected by:
• the longitudinal diffusion of the charge along drift, intro-
ducing the RMS longitudinal spreads quoted above;
• the spread introduced by the uniform light emission along
the width of the EL region gap. A minimum width is re-
quired for high voltage considerations. For the 6 mm wide
gap of the NEXT-White detector, a 1.7 mm RMS longitu-
dinal spread is obtained;
• the sampling of the photo-detector waveforms in the TPC
time domain. For a 1 µs time sampling, a 1 mm/µs drift
velocity, and conservatively assuming no light sharing
among adjacent time samples in a waveform, a 0.3 mm
mean bias in longitudinal position reconstruction is ob-
tained.
Along this dimension, and given the assumption of a drift length
of one meter, the tracking capability of the detector is therefore
still dominated by the diffusion in the case of the helium-xenon
mixtures considered.
3. Energy resolution
The energy resolution is the main parameter of any ββ0ν ex-
periment as it reduces the size of the region of interest which
in turn reduces proportionally the amount of background. Also,
the inherent background from the two-neutrino mode, that can
only be rejected with a good energy resolution, limits the sen-
sitivity of very large mass detectors if resolutions at the percent
level (FWHM) are not reached. Hence the energy resolution at
Qββ remains a fundamental performance parameter. In the fol-
lowing section we study how the energy resolution is affected
by the addition of helium to xenon.
3.1. Fano factor and w value
The energy resolution is primarily affected by fluctuations in
the production of electron-ion pairs. The variance of the ioniza-
tion is defined as:
σ2e = FN¯e (2)
where F is the Fano factor and N¯e is the average number of
electrons produced at the energy E with N¯e = E/w, w being
the average energy needed to produce one ionization. The case
of pure gaseous xenon has been studied extensively and is re-
ported in the literature to have a Fano factor lying around 0.17
[6, 20], and a w value of approximately 22 eV [20]. It is rel-
evant to remark that the xenon Fano factor is very similar to
the germanium Fano factor [21]; the better energy resolution
in germanium arises from the lower w value and, consequently,
from the higher number of total ionization electrons produced
relative to xenon. This intrinsic energy resolution is one of the
great advantages of gaseous xenon in the search for ββ0ν.
We computed those two parameters for the full absorption
of single electrons of 2.48 MeV in different mixtures ranging
from pure xenon to pure helium using the Monte-Carlo simula-
tion software Degrad [14]. For event energies higher than the
binding energy of the K-shell (30 keV in xenon), the Fano fac-
tor and the w value do not change sizeably. We assumed a gas
at 15 bar and the simulation includes the Penning transfer (set
at 100%) ionizations occurring between helium and xenon as
well as side effects such as Bremmstrahlung. We enabled the
Penning ionizations of xenon atoms by excited helium atoms
but this topic deserves a specific discussion.
Penning transfer ionizations of xenon atoms by excited he-
lium atoms were also allowed. Helium excited states are all
well above the ionization potential of xenon atoms and, among
all the noble gases, the probability for a Penning transfer to
occur at each collision is the highest in the case of helium-
xenon collisions [22]. When that is factored in with the fact
that helium metastable states are very long lived (23S1 lifetime
is 131 min [23] and 21S0 lifetime is 19.7 ms [24]) we can ex-
pect the Penning transfer probability to be very close to unity.
Whether or not all the energy is transferred from helium to
xenon through ionization remains an open question as energy
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Figure 4: Average energy loss per ionization (left figure) and Fano factor (right figure) vs. the helium concentration in a HeXe mixture as computed by the software
Degrad in a zero field scenario. The right figure also includes in red the intrinsic energy resolution at Qββ. Solid lines refer to the limiting case where there is no
Penning effect while the dashed lines assume perfect efficiency in Penning transfer. In both cases the change remains minimal at low helium concentration, up to
20%.
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Figure 5: Scintillation probability of xenon vs. the helium concentration in a
HeXe mixture. Solid lines refer to the limiting case where there is no Penning
effect while the dashed lines assume perfect efficiency in Penning transfer.
can as well be transferred through wavelength shifting by excit-
ing a xenon atom. To avoid any bias, and since no specific mea-
surements have been made in the conditions discussed here, we
simulated the two limit cases. First we considered no Penning
ionization, i.e. all the energy goes to wavelength shifting and
does not intervene in the charge carrier production. The second
case is the one where all the helium excited states ionize xenon
atoms. According to [25] the latter is probably closer to reality
as hinted by their results for argon-xenon mixtures. Results are
displayed in Fig. 4.
There is no perceptible effect for the mixtures considered
here, up to 20% of helium, on both the Fano factor and the
w value. The latter is limited by the one in pure helium, around
46 eV, but for the mixtures of interest its value is just marginally
increased. On the other hand, and for the same mixtures, the
Fano factor is left unaffected. Consequently, the intrinsic en-
ergy resolution of helium-xenon mixtures remains very stable
in helium-xenon mixtures as long as the helium concentration
stays below 20%. Indeed, the Penning effect is unlikely to play
any role, as the number of helium excited states is too low to
make any difference (dashed and continuous lines in Fig. 4). It
must be noted that these results show a trend similar to previ-
ous experimental and numerical studies on the evolution of the
parameters in neon-xenon mixtures ranging from pure xenon to
pure neon [26, 27].
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Figure 6: Normalised energy distributions as computed by Magboltz at a re-
duced electric field of 2.5 kV cm−1 bar−1 in pure xenon and 15:85 HeXe. We
can notice that there is very slight depopulation of the high energy tail of the
distribution in the HeXe mixture.
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3.2. Primary scintillation
Since Degrad provides detailed numbers of every excited
state population we can briefly discuss how the primary scin-
tillation behaves in helium-xenon mixtures, as detection of this
prompt signal is necessary for a correct positioning of the events
within the detector. The scintillation properties of helium-
xenon mixtures were studied in [28] for relatively low partial
pressures of xenon. This study shows that the scintillation in-
tensity as well as the number of excited xenon atoms in the
presence of an electric field saturates above 1 bar of xenon (for
10 and 0.657 bar of helium, 10% xenon in the mixture), indicat-
ing that a detector with much more xenon than helium will have
scintillation properties very close to a pure xenon detector with
a small modification of the time distribution of the scintillation.
As in the previous section, the scintillation properties of
helium-xenon mixtures were simulated for the two different as-
sumptions aforementioned regarding the Penning transfer. The
scintillation probability with respect to pure xenon is shown in
Fig. 5. The pessimistic scenario in this case corresponds to the
assumption of a 100% Penning effect but, even in those condi-
tions and as long as the helium concentration does not exceed
20%, the scintillation level remains within 3% of its value for
pure xenon. As expected, for the mixtures considered, the ca-
pability to detect the primary scintillation and to position the
events in z remains totally unaffected.
3.3. Light yield
The reason behind using electroluminescence to amplify
the ionization signal is that it provides a very low variance
when compared to electron avalanches, and potentially allows
Gas Proportional ElectroLuminescent Counters (GPELCs) to
achieve an energy resolution fairly close to the intrinsic limit,
given above. When looking at the energy resolution versus the
light yield in the EL stage it is apparent that a too low number
of produced photons degrades the energy resolution. This effect
is due to the high relative variance of the light production at low
reduced field, but also due to electronics noise and finite photon
statistics. On the other hand, the energy resolution deteriorates
at high field when the electrons get enough energy to ionize the
gas atoms. A regime of interest in terms of reduced electric
field (E/P) for pure xenon has been identified in the range be-
tween 1.5 and 3.5 kV cm−1 bar−1 in [29]. In this regime, the
impact of the relative variance of the light production is very
low, but higher than the fluctuations coming from the residual
ionization, that is hence subdominant.
The first excited state of helium being 7.67 eV higher than
the first ionization level of xenon, we expect helium not to play
a direct role in the secondary light production of an EL TPC.
This is confirmed by looking at Fig. 6: unlike in the drift re-
gion, the normalised energy distributions in pure xenon and in
HeXe mixtures keep the same shape albeit a very small quanti-
tative difference in the high energy tail. In that energy region,
interactions with xenon dominate again over those with helium
(Fig. 1), thus reducing the impact of the latter on electron cool-
ing. On top of that, a helium-xenon mixture remains totally
transparent to the VUV xenon light. Therefore, and keeping in
mind the conclusion of the preceding section, we do not expect
the total energy resolution of xenon to be hurt by the addition
of helium.
We used the scintillation model of [30] implemented through
a simulation based on the Garfield++ toolkit [31]. We stud-
ied the light yield for the 5:95, 10:90 and 15:85 HeXe mixtures
as well as for pure xenon for comparison purposes. The sim-
ulation generates electrons in a region that has a drift electric
field of 400 V/cm across 0.5 mm before entering the EL stage.
We took 5 mm as the length of the EL gap and 15 bar for the
gas pressure, while the reduced electric field goes from 1.0 to
5.0 kV cm−1 bar−1, with a step of 0.25 kV cm−1 bar−1. The field
maps have been produced with the COMSOL [32] electrostatic
module. Each configuration consists of a sample of 10,000 ini-
tial electrons.
When looking at the results in Fig. 7, the first impression is
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that the HeXe mixtures stay very close to pure xenon in terms
of light yield, which is great for energy resolution. Everything
else staying equal, we can notice a slight shift of the threshold
toward higher fields the more we add helium. This is due to
the residual cooling effect of helium, but this small shift can be
overcome by increasing adequately the voltage across the EL
gap.
To evaluate the fluctuation in the light production we used as
a figure of merit the Q-factor, which is defined as follow:
Q = σ2EL/N
2
EL (3)
The advantage of using the Q-factor is that it adds up directly
with the Fano factor in the energy resolution formula, when
restricted to the sole contributions of the intrinsic energy reso-
lution and the electroluminescence process:
RE = 2.35
√
w
Qββ
[F + Q] (4)
Also, as seen in the right plot in Fig. 7, the fluctuations in the
light production increase the more helium is added. But all in
all this is not worrisome as these fluctuations are well below
the Fano factor. For the sake of the example we can take the
specific case at 2.5 kV cm−1 bar−1 and put together the results
given by Degrad and Garfield++ in eq. 4: in pure xenon the
w and Fano factor given by Degrad are respectively 22.36 eV
and 0.1736 while the Q-factor is 8.67·10−6 which leads to an
energy resolution of 0.295%; in 15:85 HeXe the Q-factor is
3.50·10−5, the w is 22.43 eV and F is 0.1804 so we obtain an
energy resolution of 0.302%. One can quickly remark, given
the values, that the difference between both energy resolutions
is due to the different w value and Fano factor.
In reality, eq. 4 contains a finite photon-statistics term, whose
detailed evaluation is outside the scope of this work. But given
that the scintillation yield (Fig. 7) remains largely unaltered, we
do not expect the situation to worsen compared to a pure xenon
experiment.
4. Collateral advantages of helium as an additive
A helium-xenon mixture used in an EL TPC would provide
a competitive diffusion while keeping the advantage of the pure
xenon energy resolution. At the same time, and contrary to the
general situation regarding molecular additives, light yields will
be largely unaffected too (both primary and secondary). But
one can think of additional advantages over the use of either
molecular additives or pure xenon.
4.1. Drift velocity
In rare event search experiments, the drift velocity is not a
crucial parameter. According to Magboltz, whose simulation
results can be seen in Fig. 8, a drift velocity more than twice the
one in pure xenon can be achieved with helium-xenon admix-
tures. In our favourite scenario of 15:85 HeXe at 400 V/cm the
drift velocity is expected to be 1.7 times the one in pure xenon
at the same field. This would have a minor positive impact in
the data acquisition process, allowing shorter data buffers and
plausibly an increased lifetime at the same impurity concentra-
tions.
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Figure 8: Drift velocity vs. the helium concentration in a HeXe mixture for
three different fields. Solid curves fitting the points are drawn to guide the eye
of the reader.
4.2. Technical blessings
In an EL TPC, gas purity is a crucial parameter because it
plays a major role in the electron lifetime and light yield. He-
lium, being a noble gas and even more chemically inert than
xenon, would be implemented quite easily in an existing pure
xenon gas system, and no additional care would be required
from the purification systems. The relatively large amount of
helium needed in the gas system makes it easy to monitor with
commercial systems like an RGA.
As enriched xenon is both very rare and expensive, one can
not afford to lose it. The intended partial pressures of helium
in the gas system, about 2 bar, would provide a very conve-
nient way to hunt eventual leaks in the gas system. In the case
of micro-leaks helium is much more likely to escape, and in
greater quantity than xenon, triggering a reaction from the sys-
tem before losing any sizeable amount of xenon.
Also, the recovery of xenon is a technical requirement of any
xenon-based neutrinoless double beta experiment. Separating
helium from xenon is very easy through cryogenic recovery be-
cause of the significant disparity between the boiling point of
helium, 4.22 K, and the melting point of xenon, 161.4 K. A
few cycles of cryogenic recovery are enough to retrieve almost
100% of the xenon.
5. Helium and phototubes, a risky call
In the current state of the art, phototubes are the most com-
monly employed technology in measuring light levels simi-
lar to those produced by the primary and secondary scintil-
lations detected in performing respectively the S1 trigger and
the calorimetry. And it is of public knowledge that helium
atoms are a great danger for phototubes [33]. Indeed, photo-
tubes require a very good vacuum level. Gaseous impurities
cause afterpulses and lower the breakdown voltage of the pho-
totubes. Once the internal pressure of helium is around 10−2 or
7
10−1 mbar at best it causes a total breakdown of the phototube,
making it unusable.
The high permeability of glasses, especially fused silica, to
helium is due to the fact that the holes in the amorphous struc-
ture of the glass are large enough to allow the small helium
atoms to pass through them [34]. Knowing the permeability
constant of fused silica [34, 35], one can show using the empir-
ical formula in [34] that it would take less than a couple of hours
of operation at around 1 bar to fatally damage a phototube.
While this problem looks tough, the effort needed to over-
come it may be worth it in view of the aformentioned discus-
sions. In the same studies on glass permeability to helium it
is shown that the glass composition dictates its permeability.
Boro-silicate or soda-lime glasses are significantly less perme-
able to helium than fused silica. A common interpretation is
that the non glass-former elements like CaO, Na2O or even PbO
block the open areas in the glass structure which limit the num-
ber of open channels for helium atoms to diffuse, hence reduc-
ing the permeation constant. While soda-lime glasses can han-
dle an atmosphere of helium at 1 bar for as long as hundreds
of days before seeing any afterpulsing, they are not a commer-
cially available option for a radiopure experiment.
However, for decades, only an upper limit of helium diffusion
through the crystal version of silica, crystalline quartz, could
be set experimentally. Some theoretical calculations [36] even
demonstrate the incapability of helium atoms in their ground
state to diffuse along the channels of crystalline quartz.
Operation within a helium atmosphere will require the use
of optical windows that are able to withstand the gas pres-
sure and prevent helium diffusion through them. Synthetic sap-
phire is also a mineral commonly used as a window-material
because of its good optical properties and mechanical robust-
ness. It has a much higher density, 3.98 kg/cm3, than crystalline
quartz, 2.65 kg/cm3, which somewhat hints toward its non-
permeability to helium. In addition, the hexagonal compact
structure of sapphire (Al2O3) leads the oxygen ions to almost
achieve a perfect close packing of equal spheres [37] maximiz-
ing the volume occupation of the crystal so, unlike crystalline
quartz, there are no channels extending through the whole c-
axis of sapphire. This structure prevents helium atoms from
moving through the crystal by forcing the atoms or ions to cross
significant energy barriers. Such crossings are very unlikely to
happen hence remaining unnoticeable at room temperature for
reasonable periods of time. A compilation of measurements of
noble gas diffusion through minerals can be found in the review
[38].
Since helium diffusion through sapphire has not yet been
studied we can look at a very similar mineral: hematite. Its
crystal structure belongs to the hexagonal scalenohedral class
of the trigonal crystal system which is also the case of sapphire
(also known as corundum). The extrapolation of the data mea-
sured in [39] sets the diffusion coefficient of hematite at room
temperature below 10−26 cm2/s. This is about twenty orders
of magnitude below the same value measured for glasses, typ-
ically ranging from 10−8 to 10−7 cm2/s [40] at room tempera-
ture. The activation energy in the temperature-dependent diffu-
sion equation is the characteristic value describing the height of
a potential barrier in the material, hence comparing those of a
crystal and glasses is relevant to our discussion. The hematite
activation energy is 116 kJ/mol while the glass activation en-
ergies reported in [35] range from 20 kJ/mol for fused silica to
52 kJ/mol in the case of an aluminosilicate glass. Consequently,
for our particular application, it seems as though we can assume
that sapphire is unpermeable to helium.
Xe/He 
mixture
crystal/metal 
welding
metallic sealingvacuum
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Figure 9: Scheme for the operation of PMTs in a helium-rich atmosphere (top
figure). The PMT itself remains at vacuum looking into the active volume
through a crystalline quartz/sapphire window that can be coated with a wave-
length shifter to maximize the light transmission. The crystal is welded to a
metallic frame that can easily be mounted in a flange with a metallic sealing,
avoiding helium diffusion into the PMT volume. The bottom figure shows one
of the NEXT-NEW PMT protective windows. A similar concept can be ap-
plied for operation within a helium atmsophere using a metallic sealing for this
frame.
One way to protect the PMTs is to encapsulate them in a
vacuum vessel with a sapphire window separating them from
the helium atmosphere. Sapphire optical properties offer a very
good transmission of the blue light obtained from the VUV
xenon light by a wavelength shifting coating (TPB). Conse-
quently it should be possible to operate an EL TPC with helium
safely, either with crystalline quartz or sapphire. However, the
welding of the crystal window remains a technical issue to con-
sider. Leak-proof sealants are well understood and metal-on-
metal sealants should provide enough tightness to prevent any
helium contamination of the PMTs. On top of that, one can
maintain the PMTs inside a secondary vaccum to further pre-
vent any damage. Fig. 9 includes a schematic representation of
this proposal as well as an example of a sapphire window used
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to protect PMTs.
A more drastic solution for the operation of helium-xenon
detectors is to replace the PMTs by SiPMs. This solution will
largely simplify the mechanical design associated with win-
dows, weldings and operation of PMTs at vacuum. Current
SiPMs sensors may offer a very interesting alternative if one can
control the issues associated with the large number of channels
and the capacitance increase associated with operating a large
surface covered by SiPMs. Recent advances in this direction
from different fields such as dark matter searches allow for an
optimistic scenario, in which such issues are solved, to be con-
sidered.
6. Conclusion and perspective
We have proposed a new gas mixture that will enable a
strong improvement on the topological signature of the current
HPGXe technology by reducing the transversal diffusion by a
large factor. On the other hand, the use of such mixture will re-
duce the amount of the source isotope in the detector. The final
value of the helium concentration should be a compromise be-
tween an improvement of the background rejection factor and
a reduction of the active mass that is needed to maximize sen-
sitivity. In this work we studied the impact of a helium admix-
ture on the diffusion coefficients. The result of the simulations
shows that a transverse diffusion of 2.5 mm/
√
m is achievable
with 15% of helium, improving by a factor of 4 the pure xenon
value. It must be noted that an earlier work described in [41] on
a helium-xenon scintillator was done in the context of medical
imaging, but to the knowledge of the authors this work has not
been further pursued.
On top of that, the intrinsic energy resolution remains unal-
tered, to within a few percent, in a helium-xenon mixture with
respect to pure xenon. This is because the Fano factor, the num-
ber of ionization electrons and the optical properties of the gas
do not change appreciably for those concentrations of helium.
The photon yield in the EL region is slightly modified but not
enough to become a limiting factor for the energy measurement.
The difficulty of operating phototubes close to a helium at-
mosphere also appears to be solved on paper. Windows made
of good optical crystals such as crystalline quartz or sapphire
can provide a helium-tight system that will allow for a safe op-
eration of PMTs next to a helium atmosphere. On top of that,
we encourage further tests using SiPMs as it will largely sim-
plify the mechanical issues associated with PMTs. A success-
ful development of a helium-xenon gaseous optical TPC could
have an impact in other research areas such as nuclear physics
or dark matter searches.
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